Introduction
============

Malignant gliomas are a life-threatening form of primary brain cancer characterized by uncontrollable and infiltrative growth that destroys surrounding normal brain tissues and causes neurological deficits ([@b1-ijmm-42-06-3300]). Following maximal surgical tumor excision, the standard treatment is chemo-radiotherapy. Despite multidisciplinary treatment approaches, gliomas have a high rate of recurrence, with few patients surviving \>1 year ([@b2-ijmm-42-06-3300]). The failure of current therapeutics is partly attributed to drug resistance. Therefore, it is critical to focus on identifying novel target genes and the molecular mechanisms involved in the restoration of drug sensitivity ([@b3-ijmm-42-06-3300]).

Forkhead box O1 (FOXO1) belongs to the FOXO family of transcription factors, which are characterized by a conserved winged-helix DNA binding domain ([@b4-ijmm-42-06-3300]). The gene encoding FOXO1 is located at chromosoe 13q14, where methylation, mutation and allelic losses are common occurrences in the presence of cancer. These characteristics suggest that there are potential tumor-associated genes involved in the origination and progression of human malignancies harbored in this region ([@b5-ijmm-42-06-3300],[@b6-ijmm-42-06-3300]). Increasing evidence has demonstrated that FOXO1 is downregulated in several types of cancer with adverse outcomes ([@b7-ijmm-42-06-3300]). In addition, FOXO1 proteins are usually accumulated in the nucleus and act as a transcriptional regulator in non-tumor tissues. Once FOXO1 is phosphorylated in tumors, its proteins can migrate to the cytoplasm and become inactive, eliminating the expression of certain anticancer genes and leading to tumorigenesis ([@b8-ijmm-42-06-3300]). FOXO1 is able to inhibit tumor growth and has been identified as a tumor suppressor gene (TSG). Previous studies have shown that FOXO1 inhibited proliferation, prevented invasion and induced apoptosis in gliomas ([@b9-ijmm-42-06-3300]). Other data have also provided evidence that FOXO1 reversed chemotherapy resistance in certain types of cancer ([@b10-ijmm-42-06-3300]), however, this function in glioma remains to be fully elucidated.

Multidrug resistance (MDR) is a major barrier to radiotherapy and chemotherapy in cancer cells. A variety of mechanisms induce MDR phenotypes, however, the upregulation of ATP-binding cassette transporters represents the most common factor involved in MDR development ([@b11-ijmm-42-06-3300]). Trifluoperazine (TFP) is a phenothiazine derivative and is widely used as an antipsychotic drug. TFP may be clinically potent as a calmodulin antagonist and an inhibitor of the dopamine receptor ([@b12-ijmm-42-06-3300]). It has been reported that TFP reverses drug resistance in tumors through the inhibition of MDR genes, including P-glycoprotein (P-gp) ([@b13-ijmm-42-06-3300]). Of note, the anticancer effects of doxorubicin (DOX), bleomycin and gefitinib were found to be reinforced when TFP was combined with them ([@b13-ijmm-42-06-3300]-[@b15-ijmm-42-06-3300]). This suggests that TFP may be a valuable tool in overcoming MDR in cancer.

In the present study, the effects of FOXO1 on MDR phenotypes in glioma cells were examined. The data indicated that FOXO1 is a TSG, and that the nuclear translocation of FOXO1 was conducive for exerting anticancer functions. It was also confirmed that TFP may overcome drug resistance by limiting the nuclear excretion of FOXO1 in gliomas. This identification may accelerate TFP as a molecular therapy for gliomas.

Materials and methods
=====================

Reagents
--------

The glioma SHG44 cell line was from Shanghai Life Academy of Sciences Cell Library (Shanghai, China). RPMI-1640 medium and fetal bovine serum (FBS) were obtained from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Penicillin and streptomycin were purchased from HyClone; GE Healthcare Life Sciences (Logan, UT, USA). Primary antibodies targeting P-glycoprotein (P-gp, cat. no. sc-13131), multidrug resistance-associated protein 1 (MRP1, cat. no. sc-18835), lung resistance protein (LRP, cat. no. sc-23916), Ki67 nuclear antigen (Ki67, cat. no. sc-15402), and proliferating cell nuclear antigen (PCNA, cat. no. sc-25280) were purchased from Santa Cruz Biotechnology, Inc. (San Francisco, CA, USA). Antibodies targeting FOXO1 (cat. no. ab52857), α-tubulin (cat. no. ab18251) and Lamin B1 (cat. no. ab133741) were purchased from Abcam (Cambridge, MA, USA). Horseradish peroxidase- (cat. no. ZB2301) or TRITC-conjugated (cat. no. ZF0313) secondary antibodies were purchased from Zhongshan Golden Bridge Biotechnology (Beijing, China). Epidermal growth factor (EGF), DAPI, RNase, propidium iodide (PI), the Annexin V-PE/7-AAD apoptosis reagent kit and TFP were purchased from Sigma; EMD Millipore (Billerica, MA, USA). The caspase-3 activity assay kit (cat. no. 12012952001) was purchased from Roche Diagnostics GmbH (Mannheim, Germany). DOX (cat. no. D1515; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). The RNAiso Plus, primescript RT reagent kit and DNA polymerase were purchased from Takara Biotechnology Co., Ltd. (Dalian, China). Cell Counting Kit-8 (CCK8), BSA, bicinchoninic acid (BCA) kit and the protein extraction kits (total, nuclear and cytosolic) were purchased from Beyotime Institute of Biotechnology (Beijing, China).

Cell culture
------------

The human glioma SHG44 cell line and the DOX-resistant SHG44 cell line (SHG44/DOX) have been described previously ([@b16-ijmm-42-06-3300]). In brief, the SHG44 cells were maintained in a 5% CO~2~ atmosphere at 37°C in RPMI-1640 medium supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin and 10% FBS. The concentrations of DOX were gradually increased between 0.01 and 1 *μ*g/ml, resulting in the SHG44/DOX cells being able to grow in 0.1 *μ*g/ml DOX.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis
-------------------------------------------------------------------------------

Total RNA was extracted from the cells using RNAiso Plus. The RNA sample concentrations were measured using a spectrophotometer and then reverse transcribed into cDNA using a primescript RT reagent kit. The primer sequences were as follows: MDR1 forward, 5′-CCCATCATTGCAATAGCAGG-3′ and reverse, 5′-GTTCAAACTTCTCTGCTGCTCCTGA-3′; MRP1 forward, 5′-GGCATCTCAGCAACTCGTCTT-3′ and reverse, 5′-ATTAGCTTCCACGTCTCCTCCTT-3′; LRP forward, 5′-ACAACTACTGCGTGATTCTC-3′ and reverse, 5′-CTAGCATGTAGGTGCTTCCA-3′; and GAPDH forward, 5′-CTTTGGTATCGTGGAAGGACTC-3′ and reverse, 5′-GTAGAGGCAGGGATGATGTTCT-3′. The reaction systems were as follows: The DNA polymerase 10 *μ*l, forward primer sequences (10 *μ*M) 0.8 *μ*l, reverse primer sequences (10 *μ*M) 0.8 *μ*l, cDNA 2.0 *μ*l and DEPC 6.4 *μ*l. The amplification conditions were as follows: 95°C for 30 sec, followed by 40 cycles at 95°C for 15 sec, and 60°C for 45 sec. The relative fold-changes in mRNA levels were calculated with the 2^-ΔΔCq^ method ([@b17-ijmm-42-06-3300]).

Western blot analysis
---------------------

The nuclear, cytoplasmic and total proteins were extracted using their respective extraction kits according to the manufacturer's protocols. The protein concentrations were detected using the BCA method. An equal quantity (35 *μ*g) of each sample was separated by 6-12% SDS-PAGE and transferred onto PVDF membranes. The membranes were blocked with 5% goat serum for 1 h at 4°C and incubated with FOXO1 (dilution 1:200), P-gp (dilution 1:300), MRP1 (dilution 1:300), LRP (dilution 1:300), GAPDH (dilution 1:1,000), α-tubulin (dilution 1:500) and Lamin B1 (dilution 1:500) primary antibodies overnight at 4°C, and then washed with 5% TBST for three times and incubated with secondary antibody (dilution 1:5,000) for 1 h at 37°C. The membranes were then washed three times, and the protein in each band was quantified using Quantity One 4.6 computer software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Immunofluorescence
------------------

The SHG44 and SHG44/DOX cells were collected to mount on the coverslip and fixed in 4% paraformaldehyde for 20 min. The cells were blocked with 5% BSA for 45 min then incubated with FOXO1 primary antibody (dilution 1:100) overnight at 4°C. The cells were then stained with a TRITC-labeled secondary antibody (1 h, dilution 1:500) and DAPI (4 min). The sections were coverslipped with 50% glycerol, and the location of the FOXO1 proteins was detected using a laser scanning confocal microscope (TCS SP2, Leica Microsystems GmbH, Wetzlar, Germany). For the negative control, 5% BSA was used in place of the primary antibodies.

Cell viability
--------------

The SHG44/DOX cells were divided into a blank group, a DOX group and a DOX + TFP group. The cells were grown in 96-well plates at a density of 2,000 cells/well. The cells were washed with PBS following various treatments (complete medium for blank group, 0.1 *μ*g/ml DOX for DOX group, 10 *μ*M TFP + 0.1 *μ*g/ml DOX for DOX + TFP group) for 24, 48 and 72 h. A total of 100 *μ*l medium and 10 *μ*l CCK-8 were added to each well for an additional 2 h. The absorbance values (OD values) were read at 450 nm using an enzyme-labeled instrument.

Flow cytometry
--------------

For cell cycle distribution, 5×10^5^ cells were harvested from each group and fixed in 70% ice-cold ethanol overnight. The cells were then treated with 10 mg/ml RNase and 50 mg/ml PI at 37°C for 30 min in the dark. The cell cycle distribution was analyzed by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA). Apoptosis was measured by flow cytometry using the Annexin V-PE/7-AAD apoptosis reagent kit according to the manufacturer's protocol. The SHG44/DOX cells from the blank group, the DOX group and the DOX + TFP group were harvested, re-suspended, and stained with phycoerythrin (PE)-labeled Annexin V and 7-aminoactinomycin D (7-AAD) for measuring early apoptosis.

Caspase-3 activity assay
------------------------

To determine the intra-cellular caspase-3 activity in the SHG44/DOX control group, the DOX group and the DOX + TFP group, a commercial caspase-3 activity assay kit was utilized according to the manufacturer's protocol. The caspase-3 activities in implanted tumors were also analyzed following injection with DOX or DOX + TFP. The values are presented as the percentage of the blank control.

DOX uptake
----------

The SHG44/DOX cells were exposed to 0.1 *μ*g/ml DOX, 0.1 *μ*g/ml DOX + 10 *μ*M TFP or 0.1 *μ*g/ml DOX + 10 *μ*M TFP + EGF for 2 h. Following cell lysis and supernatant collection, the intracellular concentrations of DOX were measured using a spectrophotometer (absorbance: 490 nm), and the protein concentrations were measured for standardizing the uptake of DOX.

Xenograft tumor model
---------------------

All animal experiments were approved by the Ethics Committee of Chongqing Medical University (Chonqing, China). A total of 24 Male nude mice (4 weeks old, 14.4±3.1 g) were provided by the Experimental Animal Center of Chongqing Medical University. The nude mice were housed in light for 10 h/day at 26°C. Food and water were sterilized by high pressure steam and multivitamins were added into distilled water. The subcutaneous tumor model was produced as previously described ([@b18-ijmm-42-06-3300]). For treatment, 5 mg/kg DOX alone or 5 mg/kg DOX + 5 mg/kg/day TFP was injected the tail vein (DOX every 7 days and TFP every day). Tumor volumes were recorded at 7, 14, 21 and 28 days post-implantation in accordance with the previously described formula ([@b18-ijmm-42-06-3300]).

Immunohistochemistry (IHC)
--------------------------

The mice were injected with 10% chloral hydrate (300 mg/kg) for anesthesia and sacrificed depending on cervical vertebra dislocation at 28 days. No mice exhibited signs of peritonitis. The tumor samples were dissected and embedded in paraffin. Paraffin-embedded sections (4 mm) were prepared and IHC procedures were performed based on prior methods ([@b19-ijmm-42-06-3300]). The proliferation indices of Ki-67 (dilution 1:100) and PCNA (dilution 1:100) were defined as the percentage of positive cells from five randomly selected fields at ×400 magnification using a laser scanning confocal microscope (TCS SP2; Leica Microsystems GmbH, Wetzlar, Germany).

Statistical analysis
--------------------

Statistical analyses were performed using SPSS 20.0 software (IBM SPSS, Armonk, NY, USA). Statistical differences among groups were analyzed by one-way analysis of variance and the Student-Neuman-Keuls post hoc test, two-sample t-test or χ^2^ test. P\<0.05 was considered to indicate a statistically significant difference. All data are presented as the mean ± standard deviation.

Results
=======

Downregulation of nuclear FOXO1 in SHG44/DOX cells
--------------------------------------------------

The SHG44/DOX cells were established according to previous methods. The RT-qPCR analysis showed that three MDR genes (MDR1, MRP1 and LRP) were upregulated in the SHG44/DOX cells compared with the SHG44 cells ([Fig. 1A](#f1-ijmm-42-06-3300){ref-type="fig"}). The protein levels of P-gp, MRP1 and LRP were also increased in the SHG44/DOX cells, as determined by western blot analysis ([Fig. 1B](#f1-ijmm-42-06-3300){ref-type="fig"}). The levels of nuclear FOXO1 (dephospho-FOXO1) were lower in the SHG44/DOX cells than in the SHG44 cells, whereas a higher expression of cytoplasmic FOXO1 (p-FOXO1) was detected in the SHG44/DOX cells ([Fig. 1C](#f1-ijmm-42-06-3300){ref-type="fig"}). The immunofluorescence also verified that the FOXO1 proteins were excreted into the cytoplasm in SHG44/DOX cells ([Fig. 1D](#f1-ijmm-42-06-3300){ref-type="fig"}). These data suggested that FOXO1 proteins were expressed in the cytoplasm, resulting in a loss of transcriptional activity and tumor inhibitory effects in the SHG44/DOX drug-resistant glioma cells.

Non-toxic concentrations of TFP in vitro and in vivo
----------------------------------------------------

To avoid toxicity from TFP in the SHG44 and SHG44/DOX cells, the appropriate dose of TFP was selected. Following treatment with concentrations of ≤10 *μ*M for 24, 48, or 72 h, TFP did not inhibit growth of the two selected cell lines. However, TFP may reduce cell viability at a concentration of 20 *μ*M in SHG44 and SHG44/DOX cells ([Fig. 2A](#f2-ijmm-42-06-3300){ref-type="fig"}). TFP toxicity surveys were performed *in vivo*. The mice were administered with 0, 2.5, 5, 10, or 20 mg/kg/day of TFP through tail vein injections. No changes in bodyweight were observed with administration of 5 mg/kg/day within 4 weeks ([Fig. 2B](#f2-ijmm-42-06-3300){ref-type="fig"}). Therefore, these non-toxic concentrations of TFP (10 *μ*M *in vitro* and 5 mg/kg/day *in vivo*) were used for the experiments.

TFP overcomes DOX-resistance in SHG44/DOX cells in vitro
--------------------------------------------------------

The CCK-8 assay showed that the cell viability of the SHG44 cells was suppressed by 0.1 *μ*g/ml DOX, and 10 *μ*M TFP marginally promoted the growth inhibition effect of DOX at 72 h. The growth of SHG44/DOX cells was not inhibited by 0.1 *μ*g/ml DOX, however, 10 *μ*M TFP + 0.1 *μ*g/ml DOX prevented the growth of SHG44/DOX cells at 24, 48 and 72 h ([Fig. 3A](#f3-ijmm-42-06-3300){ref-type="fig"}). Flow cytometry revealed that the percentage of G~0~/G~1~ phase cells was increased and the percentage of S phase cells was decreased in the SHG44 group following treatment with 0.1 *μ*g/ml DOX. However, these effects were more pronounced when 10 *μ*M TFP was added. Treatment with 0.1 *μ*g/ml DOX did not alter cell cycle distribution in SHG44/DOX cells; however, the percentage of G~0~/G~1~ phase cells was higher in the 10 *μ*M TFP + 0.1 *μ*g/ml DOX group than in the control group and the 0.1 *μ*g/ml DOX group, whereas the percentage of S phase cells was lower in the 10 *μ*M TFP + 0.1 *μ*g/ml DOX group than in the other two groups ([Fig. 3B](#f3-ijmm-42-06-3300){ref-type="fig"}). Furthermore, 0.1 *μ*g/ml DOX induced early apoptosis in SHG44 cells, but this did not occur in the SHG44/DOX cells. DOX did accelerate early apoptosis and caspase-3 activities in SHG44/DOX cells at 72 h when it was combined with 10 *μ*M TFP ([Fig. 3C and D](#f3-ijmm-42-06-3300){ref-type="fig"}).

TFP decreases MDR genes and facilitates DOX uptake through restoration of the nuclear localization of FOXO1 in SHG44/DOX cells
------------------------------------------------------------------------------------------------------------------------------

Western blot analysis was used to elucidate the molecular mechanisms involved in the effects of TFP inhibition of DOX drug-resistance. As shown in [Fig. 4A](#f4-ijmm-42-06-3300){ref-type="fig"}, there was an increase in nuclear FOXO1 and a decrease in cytoplasmic FOXO1 in the 10 *μ*M TFP group, coupled with a downregulation of P-gp, MRP1 and LRP. EGF stimulates FOXO1 nuclear exclusion ([@b20-ijmm-42-06-3300]). When EGF was added to the TFP group, the TFP-induced FOXO1 nuclear accumulation was counteracted, and the levels of the three MDR proteins were increased ([Fig. 4A](#f4-ijmm-42-06-3300){ref-type="fig"}). The changes in the mRNA expression of MDR1, MRP1 and LRP were consistent with their protein expression ([Fig. 4B](#f4-ijmm-42-06-3300){ref-type="fig"}). Following treatment with 0.1 *μ*g/ml DOX, 0.1 *μ*g/ml DOX + 10 *μ*M TFP, or 0.1 *μ*g/ml DOX + 10 *μ*M TFP + EGF for 2 h, the intracellular concentrations of DOX were assessed. Spectrophotometer analysis revealed that 10 *μ*M TFP was able to enhance the intracellular concentrations of DOX in SHG44/DOX cells. However, EGF restored the expression of MDR proteins and contributed to DOX excretion from the glioma cells ([Fig. 4C](#f4-ijmm-42-06-3300){ref-type="fig"}).

DOX-resistance of SHG44/DOX cells is attenuated by TFP in vivo
--------------------------------------------------------------

The efficacy of TFP on the enhanced cell toxicity of DOX was examined in subcutaneous xenotransplanted tumors. Although 5 mg/kg DOX did not suppress the xenograft tumors, 5 mg/kg DOX + 5 mg/kg/day TFP reduced SHG44/DOX growth *in vivo*compared with that in the control group and DOX alone group ([Fig. 5A](#f5-ijmm-42-06-3300){ref-type="fig"}). IHC showed that the Ki-67 and PCNA proliferation indices were lower in the 5 mg/kg DOX + 5 mg/kg/day TFP group than that in the control group and the 5 mg/kg DOX alone group ([Fig. 5B](#f5-ijmm-42-06-3300){ref-type="fig"}). In addition, the effect of DOX-induced apoptosis was also restored when TFP (5 mg/kg/day) was added ([Fig. 5C](#f5-ijmm-42-06-3300){ref-type="fig"}).

Discussion
==========

Numerous studies have reported that FOXO1 functions as a tumor suppressor and inhibits the development of different types of cancer, with FOXO1 inactivation being accompanied with a poor prognosis in patients ([@b6-ijmm-42-06-3300],[@b7-ijmm-42-06-3300]). FOXO1 contains a conserved DNA-binding domain and links to the consensus DNA-binding sequence (TTGTTTAC) of target genes ([@b9-ijmm-42-06-3300]). For example, FOXO1 makes contact with the p27 promoter, initiates transcription and suppresses cell cycle progression ([@b21-ijmm-42-06-3300]). FOXO1 also decreases tumor invasion by inhibiting matrix metalloproteinase (MMP)7, MMP9, vascular endothelial growth factor and hypoxia-inducible factor-1α ([@b22-ijmm-42-06-3300],[@b23-ijmm-42-06-3300]). However, the inactivation of FOXO1 has been noted to occur in several tumor types ([@b24-ijmm-42-06-3300]-[@b26-ijmm-42-06-3300]). FOXO1 has a direct effect in the Akt signaling pathway, which is active when malignancies are present. Akt phosphorylates FOXO1, resulting in nuclear exclusion and loss of binding to target regulatory elements ([@b27-ijmm-42-06-3300],[@b28-ijmm-42-06-3300]). In the present study, it was demonstrated that FOXO1 was conducive to enhancing chemotherapy sensitivity and indicated that it may be involved in glioma pathogenesis. It has been suggested that c-Jun N-terminal kinase is an upstream regulatory molecule of FOXO1 and may inhibit its activation, contributing to a tolerance for 5-fluorouracil and chemotherapy failure ([@b29-ijmm-42-06-3300]). Serum and glucocorticoid-regulated kinase isoform 1, extracellular signal-regulated kinase, inhibitor of nuclear factor-κB kinase, and AMP-activated protein kinase have also been described as negative regulators of FOXO1 ([@b30-ijmm-42-06-3300],[@b31-ijmm-42-06-3300]). Together, this suggests that FOXO1 is a convergence target for several signaling pathways and has an opposing role in tumorigenesis ([@b32-ijmm-42-06-3300]).

TFP is used as a neuroleptic for controlling psychotic disturbances, but it has also been reported to exert anticancer effects on several cancer cells. Studies have revealed that calmodulin antagonists can interfere with Ca^2+^-calmodulin interactions, prevent Ca^2+^-dependent cellular events and thereby limiting tumor growth ([@b33-ijmm-42-06-3300]). As a calmodulin antagonist, TFP also induces apoptosis and inhibits tumorigenesis, proliferation and metastasis in several tumor types ([@b12-ijmm-42-06-3300],[@b15-ijmm-42-06-3300]). Furthermore, TFP is responsible for inactivating the dopamine receptor D2, and inhibiting angiogenesis and invasion ([@b34-ijmm-42-06-3300]). It has also been reported that TFP is able to prevent the phosphorylation and activation of Akt, which is an important molecular mechanism for oncotherapy. The inactive Akt enhances the nuclear translocation of FOXO1 and prevents tumor progression ([@b34-ijmm-42-06-3300]). Therefore, it was hypothesized that TFP is capable of inhibiting gliomas by modulating FOXO1. Data have suggested that TFP promotes the tumor inhibitory activity of FOXO1 ([@b20-ijmm-42-06-3300]). In the present study, it was also shown that TFP increased nuclear FOXO1 protein, decreased the levels of MDR genes, suppressed the efflux of DOX from glioma cells and restricted glioma growth. These results are consistent with those of other studies, which have confirmed that TFP may be useful as a chemotherapy adjuvant for gliomas and for reversing ATP binding cassette transporter-relevant MDR ([@b13-ijmm-42-06-3300]). The present study also found that the levels of breast cancer resistance protein (BCRP) in SHG44/DOX cells were not increased as much as the P-gp, MRP1 and LRP proteins (data not shown). The reason for this may involve the upregulation of P-gp in SHG44/DOX to result in the inhibition of BCRP. However, the levels of BCRP may have been increased when P-gp was inhibited. Therefore, it is important to emphasize that chemotherapy failure may occur if only P-gp levels are reduced, leading to BCRP being restored and becoming a candidate MDR mechanism.

In conclusion, FOXO1 appears to be a novel therapeutic target for MDR. TFP is conducive in regulating FOXO1 and downstream drug resistance genes, and restoring DOX-induced cytotoxicity. The present study provides the experimental basis for a clinical application of TFP to reverse glioma chemotherapy resistance and improve the efficacy of chemotherapeutic drugs for this disease. These results may assist in the development of a novel strategy for molecular cancer therapy for glioma.
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![Expression of FOXO1 and MDR-associated molecules analyzed in SHG44 and SHG44/DOX glioma cells. (A) mRNA levels of MDR1, MRP1, LRP in SHG44 and SHG44/DOX cells. (B) Protein expression of P-gp, MRP1 and LRP in SHG44 and SHG44/DOX cells. (C) Western blot analysis was used to observe nuclear and cytoplasmic FOXO1 protein in the two cell lines. α-tubulin was the cytoplasmic protein loading control, and Lamin B1 was the nuclear protein loading control. (n=5, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, compared with SHG44). (D) Immunofluorescence for examining the location of FOXO1 proteins in the two cell lines. FOXO1, Forkhead box O1; DOX, doxorubicin; MDR, multidrug resistance; LRP, lung resistance protein; P-gp, P-glycoprotein; Nu, nuclear; Cyto, cytoplasmic.](IJMM-42-06-3300-g00){#f1-ijmm-42-06-3300}

![Assessment of TFP toxicity *in vitro* and *in vivo*. (A) CCK-8 for determining the cytotoxicity of TFP in SHG44 and SHG44/DOX cells (n=9). (B) Animal body weights of 4-week-old nude mice were measured following injection with various doses of TFP for 7, 14, 21, and 28 days (n=15 mice, n=3 experiments). ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, compared with the control group at the same time point. DOX, doxorubicin; TFP, trifluoperazine.](IJMM-42-06-3300-g01){#f2-ijmm-42-06-3300}

![TFP restores the anticancer effects of DOX in SHG44/DOX cells *in vitro*. (A) CCK-8 was used to analyze SHG44 and SHG44/DOX cell growth following incubation with DOX or DOX + TFP for 24, 48, and 72 h (n=9). (B) Cell cycles were assessed and quantified in the blank control, DOX and DOX + TFP groups of SHG44 and SHG44/DOX cells by flow cytometry after 72 h (n=5). (C) Early apoptotic rates of SHG44 and SHG44/DOX cells were also detected in the three groups (n=5). (D) Caspase-3 activation was analyzed in the DOX + TFP groups and compared with the control group and DOX alone group (n=9). ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, vs. control group. ^\#^P\<0.05, vs. DOX alone group. DOX, doxorubicin; TFP, trifluoperazine.](IJMM-42-06-3300-g02){#f3-ijmm-42-06-3300}

![TFP induces DOX uptake in SHG44/DOX cells through the inhibition of FOXO1 nuclear exclusion and MDR genes. (A) Following treatment with TFP or TFP + EGF for 24 h, western blot analysis showed that TFP reduced the protein levels of P-gp, MRP1, and LRP by upregulating nuclear FOXO1 in SHG44/DOX cells (n=5). (B) Reverse transcription-quantitative polymerase chain reaction analysis was used to observe the effects of TFP on mRNA levels of MDR1, MRP1 and LRP in SHG44/DOX cells (n=5). (C) Following incubation with DOX (0.1 *μ*g/ml) for 2 h, spectrophotometry was used to measure intracellular concentrations of DOX in the control, TFP and TFP + EGF groups (n=5). ^\*\*\*^P\<0.001, vs. control; ^&&^P\<0.01 and ^&&&^P\<0.001, vs. TFP + EGF group). FOXO1, Forkhead box O1; MDR, multidrug resistance; DOX, doxorubicin; TFP, trifluoperazine; P-gp, P-glycoprotein; MRP1, multidrug resistance-associated protein 1; LRP, lung resistance protein; EGF, epidermal growth factor; Nu, nuclear; Cyto, cytoplasmic.](IJMM-42-06-3300-g03){#f4-ijmm-42-06-3300}

![TFP inhibits DOX-resistance of SHG44/DOX *in vivo*. (A) Xenografted tumors were divided into a control group, DOX alone group and DOX + TFP group. The tumor volumes were calculated at 7, 14, 21 and 28 days (n=9 mice; n=3 experiments). (B) After 28 days, immunohistochemistry was used to observe the percent positive for PCNA and Ki67 in the tumor samples (magnification, ×400). (C) Xenografted tumors derived from SHG44/DOX cells were collected to detect apoptosis using a caspase-3 activity assay. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, compared with the control and DOX alone group. DOX, doxorubicin; TFP, trifluoperazine.](IJMM-42-06-3300-g04){#f5-ijmm-42-06-3300}
